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Significant advances have been achieéved in the development of thermally
stable semi<inorganic polymeérs vwith potentially useful end=item characteristics.
Techniques are described for the synthesis of novel silarylene polymers and
nonomers showing pyrolytic resistance far supéerior to that exhibited by /
emiuny available macromolecular substances. Linear and cyclic gilbiphenylens

13 8 prepared in this program show weight losses when heated at 1809C/hr. to
500°C of appraximately 13 and 19%;, respectively, as compared to that shown by
commercial dimethylpolysiloxane gum which is completely volatilized at 350°C
vhen similarly treated. In addition, results of exploratory curing processes
are given vhich indicate the potential suitability of PeCl; and a mixture
consisting of bensoyl pam:d.de and cobalt naphthenate as curing agents for
& perphenylated polysilexane and & linear silbiphenylene polymer, respectively.
Additional crosslinking mechanisms will be investigated to tnrthar improve thermal
stability of the polymeric products without ucrlﬁec of en g properties.
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ADMINISTRATIVE INFORMATION

1. The silarylene syntheses studies covered in this report were conducted
at the Material laboratory during Jamary 1960 through July 1962. The cross-
linking studies were made during the period 1 July through 30 September 1962.

5, In paragraph 6 of & previous report, the Material Laboratory indicated
that it has successfully synthesized small experiméntal quantities of two
polymers which demonstrated high thermal stability. It was recommended that
arrangements be made for the commercial preparation of pilot batches of these
experimental polymers for subseqiént modification and formulation into prototype

end-items for diverse naval applications. Accordingly, preliminary mqniriu _
have been mide of several mufncturers of organic chemical specialties regarding
cost and capability for preparing the silbiphenylene polymer, Stmilarly inqnirel
are underway to promote commércial preparetion of the triphemylasilanol necessary.
for the production of practical quantities of the high temperature resistant
resin resulting from the interaction of triphenylsilancl and A1Cl3. It is
expected that precise information along these lines will be available shortly
for transmittance to and action by the Bureau.

3. These studies are being conducted at the Material Laboratory in the Organie
Chemistry Section (Code 97L), under the supervision of BeB. Simms, Section Head.
Bureau of Ships cognisance of this work is administered through Program Manager

B.As Bukzin (Code 342A) and Project Engineer WiB: Shetterley (Code 63L4CL).
REFERBACES

(a) BUSHIPS ltr R 007-03-03, Ser 63LcL=l57 of 11 May 1962
(b) MATLAB Tech Director Memo 902/hk of § Oct 1959

(c) MATLAB Tech Director Memo 912/MJC:hk of 30 June 1960
(d) MATLAB Tech Director Memo 903/®JJshk of 30 June 1961

INTRODUCTION

be To develop elastamers and resins for use by the Navy in applications
requiring functiomal materials with high resistance to pyrolytic degradation the
Material Laboretory is conducting a continuing semi-inorganic polymer synthesis
under the authority of referemce (a). The x?aults of earlier phases
of these studies are presented in previous repom In general these data
indicate the importance to the development of new thermally resistant polymers
of incarporating ring and/or cyclic structures into the molecules. For example,
the reaction of triphenylsilanol and aluminum chloride resulted in the synthesis
of a ngval open-chain siloxane polymer with branches comprised of cyclic trimer
groups®. Thie semi-inorganic polymer is unusually resistant to degradation by
heat, showing a weight loss of only about $% when heated to 500°C at 180°C/hr.
On the basis of these studies, the Material lLaboratory's efforts in this program
are now being directed towards the development of techniques for utilising highly
resonating ring and/or cyclic structures as building blocks for the synthesis of
high-temperature stable polymers. In this comnection, studies along these lines
were made under the authority of references (b)-(d), and are continuing as
authorised by reference (a). The high-lights of these Mvastigationa are
doscrlbod in thia report. In additim, data are pre on the results of

pre »
nsistang resin obtained from the reaction of triﬂlonylsihnol and aluumn
chloride® and for a pyrolytically stable silbiphenylene polymer prepared under
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. the references (b)-(d) program. This work was undertaken to provide new
materials with chemical ,physical, and mechanical properties that are suitable
for end~-item use over a wide range of naval applications.

OBJECT

S. These studies were made to develop techniques and methods for the synthesis
of novel heat resistant silarylene polymers for use in the fabpication of
thermally stable end=items required by the Ngvy. In additien, imvestigetions
were initiated to develop suitable érosslinking reactions to prepare

thermally stable polymers baséd on perphenylated polymers eontaining main=chains
with S1<0=81 or a—cénhcénh-m linkages.

RESULTS AND DISCUSSION

6. In general; arcamatic compounds exhibit greater resistance to thermal attack
than do aliphatic and_alicyclic hydrocarbons of canparable moleculay veight.
Several investigators®»? have reported that aliphatic and alicyclic hydrocarbo
are protected to some extent against thermal degradation by the incorpontion
of aromatic compounds. Polymers based on aromatic nuclei in the mai )
a8 in the case of polystyrené and polyethyleéne terephthalate, are nore rosistant
to thermal degradation than are similar uteritbs comprised only of l.'l.ky]. <
constituents. For the silicones, ethylphenyls“" and methylphenylsila g
polymers are serviceable up to maximum air temperatures of about 250 and 300°C,
respectively., On the other hand, polymers with on]y phony% substituent groups
resist degradation in air for several hours at y 00°C.,° while the
methylpolysiloxanes are useful o about 200°C.1 The protective effects of
the aromatic groups are attributed, generally, to their ability to resist and
inhibit molecular degredation due to bond rupture by the direct absorption of
incident thermal energy ar by acceptance of such energy by trensfer from less
heat resistant aliphatic structures. These considerations suggest that out-
standing thermal stability char.cterictics might be exhibited by polymer
materials prepared by incorpating silice ryl structures in the ucmlocular
backbone or main-chain. In this comnection, a variety of organcsilicon polymers
containing alternate u'yl rings and silicon atoms a8 the structural framework
might be prepared by suitable choice of substituent groups. For example, c1a.rk013
hu reported the synthesis of polymers having the structure 06!!5012(81063[,8101 )n
Hﬁlby heating Esﬂ;)zsic at 210-300°C in the presence of a catalytic noun%
o} . e pared similar products by heating a mixture of

ltructnna and alkyl sub vituent. groups have been prepared by treating
with dilithium compounds*’. However, the technical literature provides l:l.t
if any, information regard:.ng the thermal stability of materials of this type.
Accordingly, the Materisl Laboratory has been utilising halogen metal inter-
conversion reactions to synthesise silarylenes for such evaluations.
Specific experimental details of the reactions used are presented in

A, The nature of the resulting products, and their thermal stabilities
are discmsed in the following sections,

nethylpl 1chloroaihnes in the presence of BCl3. Substances with Sit‘?gﬂcz%
:I.Glz

Te Reactions of Diphenyldichlorosilane and Lithium Bengene Compo mds

The reaction of p-dibromobensene and n-butyllithium produced a mixture of
1,4=bromolithium - and p-dilithiumbengsene., Subsequent treatment of the mixture
of aryllithium compo\mda with diphenyldichlorosilane yielded the compound bis-
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(p=bromophenyl) diphenylsilane

Cehls |
(1)

and a low molecular weight silphenylene polymer having the probable structure.

CeHe 1 |
pBrCeH), - +— \si e Cgly, — - Brp
L C/éag ijﬁ
(1.a)

where n is an average of about 3.

The thermogravimetric analysis (TGA) thermograms of these substances indicate
that the monomer (I) and p lgm er (I.a) lose 50% of their volatilisable ¢ ts
at approximately 410 and 510°C, respectively, when heated in air at 1&)°c
These data suggest, therefore, that the pyrolytic resistance of such silarylm
products might be improved by increasing the degree of polymeriszation.

8.

The interaction of h ,h'-dibmobiphoxvl and n-butyllithium follows by
the addition to tbe reaction mixture of diphenyldichlorosilane yielded compomd IT.

Sls  Oghis

. 1
"1."6”& cénhcﬁnhsac(snhcén,‘ Br-p {

0655 c655
1
of

The infrered spectrum of the product shows absorption peaks in the S-6u
region and at 12.3u which are characteristic frequencies for p-substituted bensene
derivatives. Absorption bands are exhibited also at 13,58 and 14.35u which are
assigned to C-H out-of-plane bending vibrations normally observed in the infrared
spectre of monosubstituted bensene compounds.

6
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The T0A thermogrem of II shows a loss of 50% of its volatilizable
components at approximately 5259C, which is higher by approximately 115 and 15°C
than the temperatures for corresponding volatile losses shown by compound (X)
and the silphenylene resin (Ia), respectively. On this basis, silbiphenylens
compound II is considered to be more themally resistant than the monomeric and
polymric silphenylene substances discussed previously.

The [r'éesenc : omine atoms in II suggests strongly the
possibility of additional halogen-neta]. interconversion reastions. Since the
pyTolytic stability of the silphenylene substances appears to be influenced by
the number of repeating units in the main-chains, such reactions could provide
silphenylene materials of high molecular weight which would exhibit superior
resistance to thermal degradation. In view of the excellent resistance to
thermal attack demonstrated by II, and its structural bifunctionality in the
form of two reactive bromine atoms on the chaim ends, this substance was
considered to be suitable for use as an intermediate product in the synthesis
of new and more heat resistant silbiphenylene polymers.

To expedite the preparation of these polymers, the experimental
procedure was modified. Diphenyldichlorosilane was interacted with L,li'-dilithium
biphenyl and the reaction mixture was treated with Li~bromo=li'~lithiun bdphenyl.
This reaction sequence produce a very-light yellow, hard, brittle, ethes insoluble
resinous polymer having the probable structure,

BrCGHCERY -f (Cgfis)z SiCHCefy 3 o Br  (mD)

where n, the average number of chain units, is about L.5. The reaction also
yielded an ether soluble fraction. About 85% of the crude ether soluble product
was found to be a very light yellow, petroleum ether insoluble, hard solid
substance, which was determined by elemental and infrared spectrophotometric
ann];ael to be IV.

cets
p- Br-Cefy ey, — St — Og¥0¢HCyfig~P
(1v)

The remainder of the ether soluble fraction was determined to be wnreacted L,k'-
dibromobiphenyl.

The thermogravimetric data of the several fractions obtained show that the
ether insoluble naain fraction (ITI) loses 50% of its volatilizables at 610%,
when heated at 180°C/hr., which is approximately 100°C higher that the comps
50% volatilisation temperature shown by the silbiphenyl monomer (II). Under
similar treatment, (IV) shows the S0% volatilizables loss at 5509C, At 500°C,
the silbiphenylene polymer shows a weight loss of approximately 13f of its
original weights and appears to be unchanged structurally when exsmined by
infrared spectrophotamstry,

7
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It is evident from these data that the pyrolytic stability of silbiphenylene
substances is superior to that shown by similar silphenylene products, As in
the case of the silphenylenes, the resistance to heat attack of the silbiphenylene
materials are influenced by the mumber of repeating groups in the mainschains
of the molecules,

In a similar reaction imvolving the imteraction of larger quantities
of L;l'-dibromobiphenyl, n-tutyllithium, and diphenyldichlorosilane a eyelic
substance was obtained having molecules with probable structures of
(S1(CeHi5)2 « CEHLCAHYs)ne  The reaction also produced an oily product which
was found to6 be a mixture of diphenylpolysiloxane and n<butyl bromide,

The TGA thermogram shows the cyclic &ilbiphenylene product loses 50% of
its voltatilizable com gonents at about 580°C when heated at 180 C/hrs The
substance only loses 18% of its original welght when heated to 500°C. These
data are additonal evidence of the generally supericor resistance of
silbiphenylene products to pyrolytic degradation.

9

Curing Studies:

While the linear silbiphenylene resin discussed heréin might be developed
into useful protective coatings by the selective modification with various
solvents, pigments, and additives, these coatings would have only limited use
since the resin softens at 150-160°C. To extend the thermal stability range
of such products, exploratory investigations were undertaken to devise techniques
far crosslinking the molecules to produce inmsible three dimensional networks.
Similar studies also weré made of the thermally stable pelygeric product obtained
from the reaction of triphenylsilanol and alunimm chloride® which softens at
75-85°C, The selection of crosslinking agents is dependent primarily on the
nature of the reactive sites on the polymer chains being investigated, In this
comnection, the absence of the active groups suitable for crosslinking purposes
limits the choice of curing agents to metallic axides, organic peroxides, and
Lewis acids, which induce crosslinking through bond cleavage mechanisms, The
resulte of initial studies along these lines with the linear silbiphenylene
polymer are presented in Table 1, These data indicate that a curing agent
consisting of a mixture of benzoyl peroxide and cobalt naphthemate shows
promise as a curing agent for the polymer, and that additional studies with
these materials are warranted, The silbiphenylene polymer is not appreciably
crosslinked when treated similarly with Fb013, benzoyl peroxide, ar a mixture
of benzoyl peroxide and PbO,

The effecte of crosslinking agents on the resin obtained from the reaction
of triphenylsilanol and alumimm chloride are shown in I2ble 2. These data
indicate than an infusible polymer network is formed when the resin is treated
with FeClj. The degree of crosslinking appears to increase with the concentration
of FeCl3 and decrease as the tempa-a'mre and time of cure increases. When the

polymer is treated for 6 hours at 140°C with 2.0 or 10,0 P.H.R. of FeCl3, the
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degree of network formation is LL.6 and 60:8%, rupectivol;y. The siloxane
polymier is not appreciably crosslinked when treated simila: rly with Ala03, '1'102,
honwyl peroxide, and mixtures of bensoyl peroxide with cobalt naplithenate or

10, Techniques have been described for the synthesis of new polymers and
intermediate compounds containing porphemrl-p-sihrylone molecular configurations.
Information also has been provided concerning the properties of these materials,
with particular emphasis on their high-t-xperaturo resistance. The aryl groupe
of the mainechains stabilize these semi-inorganic substances and provide them
with unusially good rosistaneo to degradation by heat. In faet these silarylene
products are far more thermally stable than commercially availa ’1e polymeric
miterials, Substances with biphenyl groups are more pyr y’tieally resistant

toan #imilar products with bensene rings in the main=chains. The protective
effects provided by these aryl groupé appear to increase as the deg of
polymerization increases. The bromine atoms in the nolecules have a useful
function since they can serve as active sites which are capable of undergoing
reactions that could produce polymers with longer chain lengths or modified
structures,

l":lmlly, tho results of exploratory investigations to develop methods for
08 perphenylated silbiphenylene and siloxane resins are described,
The noot n:ltable crossl ng agent for providing the silbiphenylens vith a
wider variety of engineering characteristics appears to be a mixture comprised
of bengoyl peroxide and cobalt mphthamte. For the pe: nylated silomane
roain, high degrees of crosslinking are obtainable by }nating the resin with
2 - 10 P.H.R. PeCly under pressure,

11. On the basis of the superior thermal resiataneo of the silarylene products

doacribad herein, efforts in the heat stable semi. ¢ polymer synthesis
for the developwent of new mmolocm ' 1 roducts containing ring

and cyclic structures in the molecular backbone are continmuing.

osslinking studies are now underway to piovide those polymers
that exhibit excollent ‘thermal stability with a wider variety of engineering
propertles and end=-item spplications.

Studies involving the synthesis of polymers with & -0 and 2r - 0
bonds in the main cha.tn are neu'ing completi n. 6Ruu1te of thege studies will
pril 1963.

A.D. DEIMAN
Principal Investigator
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i . an) ous othyl et.her vas added dropuise during 2 hrs. to 200 nl.

of a mixiure of pentane and heptane containing 0.2 mole of n-butyllithium at

«10°C under a nitrogen atmosphere. Then, 13,0g. (0.05 mole) of diphenyldichloro=
silane was added dropwise during 1 hr. with vigorous stirring at room temperature.
After refluxing for 8 hrs. and standing at room temperature overnight the mixture -
was hydrolysed with dilute HC1 and extracted with ether. The ether layer vas
separated, dried over anhydrous Nagsoh, and extracted with ethyl alcohol to

give L.0g of bis (p-bromophe »’1) diphenylsilane, m.ps 163°C. (Found: Si, 5.7 and
Br; 32,0, Calce for Cp PoSit Si, 5.7 and Bry 32.4%). The alcohol inscluble
fraction was diied at ?02’8 undor reduced pressure to yleld 8. of a substanoo
melting at 228°C. (Found: Si, 8.3 and Br 16.0, Calc. for CsotilyéBrosiye § 3
Br 15.8%7). The infrared spectra of these substances are almost idemtical

Be

The reaction of b6.8g (0.15 mole) of h,h t~dibrancbiphenyl with 8.3g.
{0+13 mole) of n-butyllithium followed by the dropwise addition to the mixture
of 25.1g. (0sl1 mole) of diphenyldichlorosilane gave II, a light-brown, ether
insoluble solid substance, (Found: Si, 5.6 and Br, 16.3; Calc. for CéoH))BraSiss
507 md B!‘, 1603%).

be

A solution comprised of 25.0g (0.08 mole) of recrystallized (from toluene)
k,L*~dibromobiphenyl in 350 ml. of sodium=dried and redistilled benzene was added
dropwise during about 3 hrs. to 1l.3g (0+176 mole) of n-butyllithium dissolved
in hexane (1 molar solution) at 58°C under & nitrogen atmosphere. A 10 ml.
aliquot sample of the reaction mroduct was added to a mixture of dry-ice and ether
to glve only the dicarbexylic acid derivative of biphenyl. Then, 32.0g. (0,126
mole) of diphenyldichlorosilane was added dropwise duying 1 hr. to the reaction
mixture at 58°C. After remaining overnight at room temperature, Color Test Y16

was negative. About 65% of the product obtained from the reaction of 60g.

(0519 mole) of L,k'-dibromobiphenyl and 12.3g. (0.19 mole) of n-butyllithium at
82°C was then added dropwise during 1 hr. to the initial reaction mixture. The
final mixture was heated at 829C for 3 hrs., allawed to stand at room tupanturo
for about 72 hrs., hydrolyszed with 5% H2S0), and separated with ether to give 70g.
of crude material. The crude produgt was washed with distilled Ho0, dried at 110°C,

and extracted with boiling ether to yield 28.6g. of a very light-yellow, hard,
ether insoluble resincus fraction containing 7.0 and 8.6% of silicon and bromine,
nepectinly. The polymeric substance has a probable melecular configuration of
t(cgs Sicmh j——Br-p, where n 156 about 4.5. The addition of
petrole er tge Rher soluble fraction precipitated about 85% of
the crude mtorial. 'l'ho Mroleum ether insoluble product was reorystallised
from ethyl ether to give 12g. of III, a very-light yellow, hard solid substance.

A-1l
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A mixture consisting of h6.83. (0.15 nole) of h,l;'-d:lbrmobipmm
vas treated under a nitrogen ahoqinm for 16 hrs. at 759C. At this time,
Color Test I was positive. Then, 68,3g. (0.27 mole) of diphenyldichlorosilane was
added to the mixture during 0.5 hr. and the ingredients were refluxed for 0.5 hr.
after which time Color Test I was found to be negative. ILithium éhloride was
separated by filtering the mixture and the solvents were distilled off to give
a crude bluish<black viscous liquid. The erwde product vas treated with
petroleum ether to give 8.1g. of a greyish-white inscluble solid ec ng 8.2%
of silicon. The petroleum ether soluble frection contained 37.9g. (0.15 lo].o)
of unreacted diphenyldichlorosilane and an ¢ily product which was comprised
mainly of a mixture of diphenylpolysiloxane and acme n<butyl bromide.

C.

Ng AStudios:

Preselected quantities of the curing agents were mixed with 0.50g. of polym
The mixture Was placed in a brass-ring mold, approximately 0.5 inch inside
dismeter and 0.25 inch high, and heated in a hydraulic press for 0.67<6.0 hrs.
at 120-205C. under a pressure about LOOO pei.

Since the resins under study are completely soluble in beniim, the degree
of crosalinking was considered to be reflected by changes of solubility in this
solvent. After the curing proeess, the treated tpocinm vere extracted at
reflux temperature with benzene and the amount of insoluble material was
calculated by difference.

Awmxintoly 0.23. samples, accurately weighed to 0.1 mg. were pla ed in a
Kanthal wire-wound furnice similar to that described in the literaturel The
" temperature of the furnace was reproducibly elevated at the desired rate by a
motor-driven variable transformer. The residual weight and the temperature of
samples were recorded continuously during the entire heating period on an
Ainnarth, two=psn, Type BYR-AD=A, semi-micro rocording balance. Tempersture
rements were made with a Pt/Pt=10% Rh themmoe

E. Infrared Measurements:

Infrared spectra were obtained on & Perkin-Elmer Model 21 double=beam
spsctrophotomster. In generel, the samples were cbserved over the 2,5-15u.
range in smaars on rock-salt primms or in KBr pellets.

A=2
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TABLE 1
EFFECTS OF CURING AGENTS
on
LINEAR SILBIPHEWYLENE POLYMER #

Temperature
) .

3.0 120
Bensoyl Peroxide 2,0 10
Bengzoyl Peroxide/Pbo 2.0/1.0 1ko
Bensoyl Peroxide/Cobalt o o A A
Naphthenate 3,0/3:0 140 640 ')
Bengoyl Peroxide/Cobalt B , B o
Bensoyl Peroxide/Cobalt , o
Naphthenate 2.0/1.0 o 0.67 27.2
Bensoyl Peroxide/Cobalt o ) s )

Bensoyl Peroxide/Cobalt B , ,
Naphthenate 2,0/340 205 1.0 6.5

# A1l specimens were treated at a platen pressure of about LOOO psi.
#% PoHeRe refers to parts per 100 parts of resin.

__‘—
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EFFECTS OF CURING AGENTS
on
PERPHENYLATED SILOXANE POLYMER

PsHoRo) ki A

Bensoyl Peroxide 2,0 140 0467
Banzoyl Peroxide/Cobalt o , )
Naphthenate 2.0/1.0 1h0 0467 50

Bengoyl Peroxide/Cobalt 2.0/3.0 205 0467 kol
Naphthenate

Bensoyl Peroxide/Pbo 2.0/1.0 uo 0.67 3.7
X1,0 4.0 205 0467 0.5
0, 2.0 140 6.0 7.8
%40, 2,0 205 1.0 hao
110, 1.0 205 0467 7.8
Fecl, 2.0 205 0467 18.7
FeCl, 2,0 205 1.0 6.9
Fel; 2,0 140 6.0 L6
FeCl, 10.0 10 640 60.8

# All specimens were treated at a platen pressure of 4000 pei.
* P.H.R. refers to parts per 100 parts of resin.
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